Abstract: The absence of a scale on pig farms has led to indirect body weight (BW) estimation using regression models based on body measurements. The objectives of the present study were to (1) develop prediction equations for weight estimation in gilts using body measurements (FF: flank-to-flank distance; L: length; HG: heart girth; BF2: ultrasound backfat measurement; LD: loin depth; and BCS: body condition score) and (2) validate the use of an existing prediction equation for BW in gilts (HG 2 × L × 69.3 = HGLW), only used for finishing pigs. Data set A (derivation, Large White × Landrace) included 42 gilts at first insemination, 45 gilts at the end of first gestation, and 58 gilts at weaning. Data set B (validation, Large White × Landrace) comprised of 14 gilts at first insemination, 15 gilts at the end of first gestation, and 19 gilts at weaning. Models were developed for each physiological state but a better BW prediction was obtained from an overall model, including an adjustment for physiological state (S1 and S2): −168.89 +1.06L +1.28HG +58.02S1 +33.03S2 +10.92BCS −1.10BF2 (adjusted R 2 = 0.90). This model was validated under conditions found in the present study. Estimations using HGLW showed greater residual means than regression models.
Introduction
Individual body weight (BW) affects pig production system optimisation, pharmacologic treatment administration, and sow fertility and prolificacy (Young et al. 2005; Schinckel et al. 2009 ). When feeding pregnant sows, producers should be sure to meet their nutritional needs and ensure body reserves at weaning are sufficient to deal with pregnancy or gestation; BW is an indication that these conditions are met (Williams et al. 2005) . The most accurate way to measure BW is to use a scale.
Many farms lack a scale, especially in developing countries. Weighing individuals complicates handling; thus, regression models have been developed to indirectly estimate BW using body measurements (Murillo and Valdez 2004; Walugembe et al. 2014) . Relationships between body measurements and BW change with the reproductive stage and the sow's parity (O'Connell et al. 2007; Mutua et al. 2011 ); these factors must be considered when developing regression models.
For finishing pigs, a BW (kg) estimation can be obtained using a nonlinear combination of heart girth (HG) and length (L) utilizing the formula HG 2 × L × 69.3, where HG and L are measured in metres (The pig site 2002). This procedure is frequently used in the United States and South America for finishing pigs and has been reported be accurate within 3% (The pig site 2002). Hereinafter, we will refer to this BW estimation as HGLW. Gestation and BW losses during lactation are not considered in weight estimation using HGLW; because we studied gilts in their first gestation, using HGLW would be justified. The objectives of the present study were to (1) develop prediction equations to estimate BW in gilts using various body measurements and (2) validate the use of the existing prediction equation HG 2 × L × 69.3 for weight determination in gilts, which was only used for finishing pigs.
Materials and Methods
Animals were not manipulated beyond what would be required for measuring and weighting purposes, housing was adequate (commercial farm), and experienced veterinarians were involved in animal care and handling. Animals were cared for under guidelines comparable with those laid down by the Canadian Council on Animal Care.
This study involved 193 gilts that were in different physiological states: 56 nulliparous gilts at the time of first insemination, 60 gilts near the end of first gestation (110th day), and 77 primiparous gilts at weaning. All individuals were progeny from Landrace sows mated to Large White boars and belonged to a Spanish commercial swine farm. Gilts (230-d-old and BW = 130-140 kg) were inseminated in their third estrus cycle. Gilts were provided ad libitum access to feed. Before insemination, gilts received 2.7 kg × d −1 diet containing 16.5% crude protein, 0.88% digestible lysine (Lys), 4.84 crude fibre, 0.80% calcium (Ca), 0.62% phosphorus (P), and 65 mg kg vitamin E (flushing) for 20 d. The gestation diet (from 1 d post insemination to farrow) had the following composition: 13.46% crude protein, 3.87% crude fat, 6.47% crude fibre, 5.72% ash, 0.89% Ca, 0.55% P, 0.30% sodium (Na), 0.67% Lys, and 0.29% methionine (Met). During lactation, daily rations were progressively increased (0.5
at near the end of lactation (lactation diet composition: 16.37% crude protein, 4.49% crude lipids, 4.39% crude fibre, 5.85% ash, 0.89% Ca, 0.55% P, 0.29% Na, 1.04% Lys, and 0.39% Met). The piglets were weaned at 21 d of age. Gilt BW was measured using an experimental scale (Trivic®, Barcelona, Spain). Body measurements were taken while animals were immobilized on the scale or in the farrowing crate. Using an ANIMETER® measuring tape (BA 219 Animeter 050, Albert Kerbl GmbH, Buchbach, Germany), we obtained the following body measurements: FF (flank-to-flank distance: from the bottom of the left flank to the bottom of the right flank with the tape placed over the top of the hip, see Fig. 1A ), L (length: from the base of the ear to the base of the tail, see Figs. 1C and 1D) , and HG (heart girth: circumference just behind the forelegs and in front of the first mammary glands, see Fig. 1B ). Backfat thickness (BF2) and loin depth (LD) were measured at P2 (over the last rib, 65 mm from the dorsal midline) using an ultrasound scanner (Echoscan® T-300, Import-Vet, Centelles, Spain). Body condition score (BCS) was assigned to each individual, ranging from very thin (1) to very fat (5) (Coffey et al. 1999) . The scale was based on the ease of feeling bones in the ribs, back bone areas, hook bone areas, and pin bone areas.
Original gilt sample was randomly split in two data sets: data set A (75%, derivation group) and data set B (25%, validation group). Data set A included 42 gilts at first insemination, 45 gilts at the end of first gestation, and 58 gilts at weaning. Data set B comprised of 14 gilts at first insemination, 15 gilts at the end of first gestation, and 19 gilts at weaning. Statistical analysis was carried out using IBM SPSS statistics version 22 software (IBM, Armonk, NY, USA). Means and standard deviation (SD) were calculated for the studied variables at each state and data set. A two-way analysis of variance (ANOVA) for the factors state and data set was used to test for statistical differences in the studied variables. When significant effects were detected, pairwise comparisons with Bonferroni's correction were applied. Multiple linear regression procedure was used to model the effect of the various variables (body measurements) on pig BW; data set A was used to develop these models. A stepwise procedure was used, where variables are allowed to move in or out of the model at any step of the process; significance levels for partial correlations to enter and to be removed were α ≤ 0.05 and α ≥ 0.10, respectively (Hocking 1976 ). The stepwise procedure ends when no variables comply with the entry/removal conditions. Tolerances were calculated for model factor collinearity diagnoses. Tolerance indicates the percentage of variance for a variable that cannot be accounted for by the other variables; tolerance <0.10 indicates a high degree of collinearity among the independent variables. We use R 2 to estimate model predictive ability and represents the amount of variation that is explained by variables included in the BW model. Because R 2 bias would be particularly large given the small sample size from the current study and a moderate number of predictors used in evaluation models, adjusted R 2 was estimated. The adjusted R 2 is a modified version of R 2 that has been adjusted for the number of terms in the model (number of point in the data sample and number of independent variables). The residuals were calculated as the value of the difference between actual BW and predicted BW from the most predictive regression model; minimum, maximum, mean, and SD were estimated for residuals. Normality and homoscedasticity assumptions were assessed by plotting the residuals against the predicted values. The usefulness assessment was based on R 2 and gilts' residual statistics.
Different models were developed for the three different physiological states. An overall model was developed, including all individuals in data set A (n = 145); because sample sizes at the different states are small, using a larger sample size would likely improve the reliability of results. Physiological state is suspected to influence BW, and therefore, it must be considered in overall model. The gilts' physiological state was an attribute with three levels: first insemination, end of first gestation, and weaning. Therefore, this information was used to generate two dummy variables, S1 and S2, where: S1 = "1" if physiological state is end of first gestation and "0" otherwise. S2 = "1" if physiological state is weaning and "0"
otherwise.
Therefore, all combinations of these two dummy variables completely describe the gilt physiological state:
First insemination: S1 = 0; S2 = 0 End of first gestation: S1 = 1; S2 = 0 Weaning: S1 = 0; S2 = 1 For model validation, more predictive models developed from data set A were applied to data in data set B. Shrinkage was calculated as R 2 -r 2 (Tibshirani 1996) , where R 2 corresponds to the more predictive model derived from data set A and r 2 is the square of the simple correlation coefficient for actual BW and predicted BW from the more predictive model when applied to data set B. Low shrinkage values confirm model reliability. Residuals were calculated as said above. Finally, HGLW was calculated for all studied individuals. The difference between actual BW and HGLW was considered as residual for this BW estimation method. Table 1 shows descriptive statistics (mean ± SD) for considered variables at the three state levels and both data sets. No significant state × set interaction was observed. No significant differences were observed between data set A and data set B. Means significantly increased from first insemination to the end of first gestation (except for BCS, where no significant difference was found), but means at weaning were lower (P < 0.05) than values at the end of first gestation, except for L (no significant difference). Therefore, these results confirmed the loss of body condition that gilts suffered during lactations and highlighted the gilts' energy needs during this period.
Results
The more predictive models for the different scenarios are summarized in Table 2 ; models showed the highest R 2 for each scenario, with significant R 2 change from previous step (P > 0.05). Normality and homoscedasticity assumptions were verified in all cases. Tolerances >0.10 were estimated in all cases. Shrinkage values were near 0 for more predictive models at weaning and overall; low values were found for the rest. Table 3 shows residual statistics for best regression models and HGLW estimation in both data sets. Residual means were 0 for data set A, since linear regressions procedures are based on minimizing prediction errors. Residual means were low negative values when the more predictive models were applied to data set B; when estimating HGW, means showed high and positive values in every case.
Discussion
Results from the two-way ANOVA pointed to the similarity of data sets A and B; therefore, data set B would be appropriate to validate regression models derived from data set A. Because significant differences were observed among the physiological states, they should be taken into account to most accurately adjust the regression models.
At first insemination, the more predictive model included FF and BCS with a low predictive capacity (adjusted R 2 = 50%). At the end of gestation, the more predictive model included L, HG, BF2, and BCS, with relatively high predicting capacity (adjusted R 2 = 0.83). At weaning, the more predictive model (based on HG, BCS, and BF2) showed relatively low predicting capacity (R 2 = 0.54). Overall, the more predictive model included L, HG, BCS, BF2, and the dummy variables (S1 and S2); the greatest model predictive value proposed in Table 2 was reached (adjusted R 2 = 0.90). When these models were applied to data set B, relatively low shrinkage and residual means near 0 were found; therefore, under study conditions, models were validated. Note: BW, body weight; FF, flank-to-flank distance; BF2, ultrasound backfat measurement; LD, loin depth; HG, heart girth; L, length; BCS, body condition score; HGLW, BW estimated as HG 2 × L × 69.3; SD, standard deviation. a First insemination occurred on 230-d-old gilts, the measurements at the end of first gestation were taken on 110th day, and the weaning age was 20 d. Original gilt sample was randomly split in two data sets: data set A (75%, derivation group) and data set B (25%, validation group). Note: BW, body weight; FF, flank-to-flank distance; BF2, ultrasound backfat measurement; HG, heart girth; L, length; BCS, body condition score; HGLW, BW estimated as HG 2 × L × 69.3; S1 variable is 1 if physiological state is end of first gestation and 0 otherwise; S2 variable is 1 if physiological state is weaning and 0 otherwise.
a First insemination occurred on 230-d-old gilts, the measurements at the end of first gestation were taken on 110th day, and the weaning age was 20 d.
Residual means suggested that regression models tend to overvalue BW, whereas HGLW underestimate BW. In contrast, HGLW estimations show greater values for residual means than regression models; these results suggested that better BW predictions would be obtained from our regression models.
Overall model showed the best predictive capacity with residuals mean near 0 when applied to data set B. This model is based on four measurements (L, HG, BCS, and BF2); the same measurements are needed for the model at end of gestation, while model at weaning requires three measurements (HG, BCS, and BF2) . The model at first insemination is based on two measurements (FF and BCS), but the predictive capacity is relatively low.
In the literature, the measurements used in the regression models for estimating BW in pigs were HG, L, and FF. For growing-finishing pigs, Groesbeck et al. (2002) found that HG was strongly correlated to BW (R 2 = 0.98). Sulabo et al. (2006) obtained a model based on FF, suitable to predict both sow and boar BW. Beretti et al. (2009) found that the equations calculated starting from HG were slightly less accurate than those calculated from more body measurements but they were easier to apply in field conditions. Mutua et al. (2011) studied BW in pigs from ≤5 mo to breeding age, excepting pregnant sows, and found that L and HG explained 88%-91% of the total variation in BW. Banik et al. (2012) found that height at fore leg, L, HG, and paunch girth were the most important body traits to explain the preweaning BW. Alenyoregue et al. (2013) could predict BW by a linear model given the age of the pig, HG, and L (R 2 = 0.93); pregnant sows were not considered. For gilts in these stages of production, Machebe et al. (2016) found that HG was the major contributor to BW (R 2 = 0.95), whereas L and FF mostly affected BW indirectly via HG. For gilts at the time of first insemination, the present study's equations included FF and BCS with lower R 2 (R 2 = 0.53). Iwasawa et al. (2004) reported a BW estimate from both HG and FF, and found it is useful for more accurately feeding gestating sows. O'Connell et al. (2007) developed regression equations to estimate sow weight from physical measurements, day of gestation, and parity; when using HG alone, BW was estimated with adjusted R 2 = 0.81, but a more accurate model was achieved when parity, day of gestation, BF2, and HG were included as model predictors (R 2 = 0.89). For gestating sows, Agostini et al. (2009 Agostini et al. ( , 2011 found that a model with HG, FF, parity, and gestation moment showed Note: HG, heart girth; L, length; HGLW, BW estimated as HG 2 × L × 69.3; SD, standard deviation. a First insemination occurred on 230-d-old gilts, the measurements at the end of first gestation were taken on 110th day, and the weaning age was 20 d. Original gilt sample was randomly split in two data sets: data set A (75%, derivation group) and data set B (25%, validation group).
high R 2 value (R 2 = 0.81), whereas BF2 and BS were not significant to predict BW. For sows at weaning, Caballero-Salas et al. (2014) obtained a BW prediction model based on HG with R 2 = 0.74. Our overall model, based on physiological state, L, HG, BCS, and BF2, showed better predictive capacity (R 2 = 0.91) for primiparous gilts.
Conclusion
For gilts, BW estimation from HG 2 × L × 69.3 has shown greater errors than regression models. More accurate BW estimations can be obtained when the regression model considers physiological state, HG and L, and two more body measurements, BCS and BF2. Therefore, we recommend this overall model, although its application would be a bit more complicated for farmers because it is based on four body measurements.
